Parental care has evolved repeatedly and independently across animals. While the 28 ecological and evolutionary significance of parental behavior is well recognized, underlying 29 mechanisms remain poorly understood. We took advantage of behavioral diversity across closely 30 related species of South American poison frogs (Family Dendrobatidae) to identify neural 31 correlates of parental behavior shared across sexes and species. We characterized differences 32 in neural induction, gene expression in active neurons, and activity of specific neuronal types in 33 three species with distinct parental care patterns: male uniparental, female uniparental, and 34
Abstract 27
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biparental. We identified the medial pallium and preoptic area as core brain regions associated 35 with parental care, independent of sex and species. Identification of neurons active during 36 parental care confirms a role for neuropeptides associated with parental care in other vertebrates 37 as well as identifying novel candidates. Our work highlights the potential for comparative, 38 mechanistic studies to build a more complete understanding of how shared principles and 39 rapidly frozen, and stored at -80°C until cryosectioning. We sectioned brains into four coronal 118 series at 14µm, allowed slides to dry completely, and stored slides at -80°C. 119
To assess the level of neural activity across brain regions, we used an antibody for 120 phosphorylated ribosomes (pS6; phospho-S6 Ser235/236; Cell Signaling, Danvers, MA, USA) 121 and followed standard immunohistochemical procedures for 3',3'-diaminobenzadine (DAB) 122
antibody staining (as in [13] ). To ask whether neural activity was higher specifically in galanin 123 neurons, we combined the pS6 antibody with a custom-made galanin antibody (peptide 124 at three wavelengths (594nm, 488nm, 358nm) and images were pseudo-colored to reflect these 144 spectra. We used DAPI nuclear staining to identify brain regions as above and then quantified the 145 number of galanin positive cells, pS6 positive cells, and co-labeled cells from photographs of the 146 preoptic area using FIJI image analysis software [14] . We combined counts for all preoptic area 147 sub-regions due to the low overall number of galanin-positive neurons and because this more 148 closely reflected the neuroanatomical resolution of tissue punches used in phophoTRAP (see 149 below). 150
151

Statistical analyses of cell counts 152
We analyzed the relationship between parental behavior and pS6 neural activity to identify 153 brain regions whose activity differed during tadpole transport independent of sexes and species 154 (i.e. core parental care brain regions). We used generalized linear mixed models with a negative 155 binomial distribution appropriate for count data with unequal variances to test for differences in 156 pS6 positive cell number. For laboratory animals, behavioral group (tadpole transport vs non-157 parental), sex, brain region, and their interactions were included as main effects predicting the 158 number of pS6-positive cells. For field sampled O. sylvatica, sex was omitted from the model as 159 we could not identify non-caregiving partners and collected only females. Individual was included 160 as a random effect, brain region area as a covariate to control for body size differences between 161 frogs, known size differences between brain regions, and rostral to caudal size/shape variation 162 within brain regions. We explored main effects of group, sex, and regional differences in further 163 detail using post hoc comparisons Tukey adjusted for multiple hypothesis testing. 164 We tested for differences in the number and activity of galanin neurons using generalized 165 linear mixed models. To compare the number of galanin neurons, we included behavioral group 166 (tadpole transport vs non-parental), sex, and their interactions as main effects predicting the 167 number of galanin positive cells using a negative binomial distribution appropriate for count data 168
with unequal variances. To analyze activity differences in preoptic area galanin neurons, we 169 included behavioral group, sex, and their interactions as main effects predicting the proportion of 170 pS6 positive galanin (i.e. co-labeled) cells using a binomial distribution. All analyses were 171 performed separately for each species using SAS Statistical Software (SAS 9. parental and non-parental individuals by dividing mean log-fold expression values from the two 198 behavioral groups. We refer to this final metric as the log-fold difference ratio between tadpole 199 transport and non-transport behavioral groups. 200
Our primary objective was to utilize phosphoTRAP data to identify Mp and POA cell types 201 whose activity differed between tadpole transport and non-parental individuals. To this end, we 202 restricted further analysis to a subset of 158 transcripts representing cell types with known roles 203 in parental care (Table S1) 
Results
210
Neural induction during tadpole transport 211
We compared neural activity patterns in tadpole transporters and their non-transporting 212 partners across three closely related poison frog species with distinct parental care strategies 213 (Fig. 1A) . Differences in neural activity depended on behavioral group, sex, and brain region (Fig.  214 1B; Table 1 ) and associations between behavioral group and neural induction were brain region 215 specific ( of region-specific differences revealed greater similarity between sexes in biparental andComparing neural activity patterns associated with parental care across species allowed 222 us to identify brain regions important in parental care independent of sex and species (i.e. core 223 parental care brain regions). We observed parallel increases in neural activity in tadpole 224 transporting individuals in two core brain regions across all species: the preoptic area (POA) and 225 the medial pallium (Mp; homolog of the mammalian hippocampus. In the POA, patterns differed 226 by subdivision, with female-specific effects in the magnocellular POA and male-specific effects in 227 the anterior POA (Fig. 1C) . We also observed increased neural activity in the Mp of the non-228 caregiving partners of tadpole-transporters (Fig. 1C) . 229
230
Gene expression in behaviorally relevant neurons 231
Following identification of core brain regions active during tadpole transport across 232 species and sexes, we sought to identify behaviorally relevant neuronal types within these 233 regions. We found 25 transcripts with significant log-fold expression enrichment/depletion in the 234 POA and 32 transcripts with significant log-fold expression enrichment/depletion in the Mp, seven 235 of which were overlapping between brain regions ( Fig. 2; Table S3 ). Of the overlapping 236 transcripts, four had log-fold expression differences in the same direction (galanin, prolactin 237 receptor, neuropeptide Y receptor 2, brain specific angiogenesis inhibitor associated protein 2) 238 and three had log-fold expression differences in opposite directions (aquaporin 4, dopamine 239 receptor 1B, leptin receptor) between brain regions (Fig. 2) . 240 241
Galanin neuron number and activity 242
Recent demonstrations of the importance of galanin in mediating parental care in mice 243 [19, 20] and the enrichment of galanin transcripts in neurons active during tadpole transport led 244 us to ask whether activity differences specifically in POA galanin neurons were associated with 245 parental care. Parental R. imitator had significantly more galanin neurons than did non-parentaldifferences in galanin neuron number in D. tinctorius or O. sylvatica (Fig. S2) Notable in the Mp were increased expression of vasopressin and androgen receptor 331 transcripts. As described above, vasopressin signaling is widely implicated in parental care, and 332 has been specifically linked to space use and behavioral and life-history trade-offs in parental 333 prairie voles [28, 29] . Space use and navigational abilities differ between males and females in 334 many species, and it has been proposed that greater navigational abilities in males are a side 335 effect of increased androgen signaling [39] . Increased androgen signaling during parental care in 336 poison frogs could facilitate the heightened spatial cognition important during tadpole transport. 337
Increasing signaling via region specific receptor expression overcomes the lower testosterone 338 levels typically observed in parental males [40] . 339
In addition to changes specific to either the POA or Mp, we observed a number of 340 transcripts with significant expression differences in both regions. Among them were dopamine 341 and prolactin receptors, and a number of molecules and receptors most commonly implicated in 342 feeding behavior (galanin, leptin receptor, NPY receptor). Dopamine and prolactin play known 343 roles in parental care [40] [41] [42] , while other shared transcripts (and some of those unique to a single 344 brain region) are traditionally associated with feeding behavior. There is growing recognition that 345 molecules traditionally classified as feeding-related play important roles in mediating social 346 behavior, providing exciting opportunities to explore the repeated targeting of feeding relatedInitially described in relation to feeding behavior, recent work uncovered a role for POA 351 galanin neurons in driving parental care in both male and female mice [19, 20] . We found a positive 352 association between parental care and galanin neuron number and activity in biparental R. While recent work demonstrates a sex-independent, behavior-specific link between 358 galanin neuron activity and parental care [19, 20] , the earliest work on POA galanin in rodents 359
showed that microinjection of galanin into the POA of male rats facilitated copulatory behavior 360
[44], and work in fish similarly suggests an association between male courtship behavior and 361 galanin signaling [45, 46] . Thus, species in which the role of galanin in social behavior has been 362 explored vary in parental care strategy: rats are female uniparental, only some male mice exhibit 363 male care, and fish include both male uniparental and female uniparental species. Together with 364 our findings across frog species with distinct care patterns, these observations suggest that the 365 role of galanin signaling in parental care may be mediated -both acutely and evolutionarily -by 366 life history differences related to parental care, interactions among partners, and male courtship 367 strategy. In brief, galanin appears to have been repeatedly evolutionarily co-opted to modulate 368 social behavior, but the type(s) of social behavior influenced by galanin signaling are complex, 369 mediated by the behavioral variation and evolution history, and providing fertile ground for future 370 comparative research. 371
372
Conclusions 373
Our findings lay the foundation for exciting work using poison frogs as a model to explore 374 neural and molecular mechanisms of parental care, sex-specific behavioral patterns, and the 375 integration of social and environmental cues to coordinate complex social behavior. 
